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Abstract. The biogenesis of mitochondria requires the
integration of many proteins into the inner membrane
from the matrix side. The inner membrane protein
Oxal plays an important role in this process. We identi-
fied Mbal as a second mitochondrial component that is
required for efficient protein insertion. Like Oxal,
Mbal specifically interacts both with mitochondrial
translation products and with conservatively sorted, nu-
clear-encoded proteins during their integration into the

inner membrane. Oxal and Mbal overlap in function
and substrate specificity, but both can act independently
of each other. We conclude that Mbal is part of the mi-
tochondrial protein export machinery and represents
the first component of a novel Oxal-independent inser-
tion pathway into the mitochondrial inner membrane.
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Introduction

The inner membrane of mitochondria has a very high pro-
tein content and might accommodate roughly half of all
mitochondrial polypeptides. A small number of these pro-
teins are synthesized in the mitochondria, whereas the ma-
jority are synthesized in the cytosol. Import and sorting of
the latter into mitochondria are achieved by translocases
in the outer and inner membrane of the organelle (for re-
view see Schatz, 1996; Neupert, 1997; Pfanner et al., 1997,
Herrmann and Neupert, 2000). Although all matrix pro-
teins appear to be imported on a single transport route,
three different pathways have been identified in the past
years that lead to a localization in the inner membrane.
First, polytopic proteins with internal signals are trans-
ported by the translocase of the outer membrane (TOM)
complex to the intermembrane space, from where they are
inserted into the inner membrane by the recently identi-
fied TIM22 machinery (Sirrenberg et al., 1996; Koehler et
al., 1998). Second, proteins with typical presequences can
be arrested at the level of the TIM23 complex and laterally
inserted into the lipid bilayer. This “stop-transfer mecha-
nism” seems to be typical for monotypic membrane pro-
teins whose NH, terminus faces the matrix (Van Loon and
Schatz, 1987; Rojo et al., 1998). The third group of inner
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membrane proteins is completely transported into the ma-
trix from where it reinserts into the inner membrane.
Thus, domains of these proteins that are exposed to the in-
termembrane space have to traverse the inner membrane
twice (Rojo et al., 1995). This reinsertion process resem-
bles the membrane insertion of mitochondrially encoded
proteins (Herrmann et al., 1995). Since this route seems to
have evolved from the insertion process of the bacterial
progenitors of mitochondria it was named the “conserva-
tive sorting” pathway (Hartl et al., 1986).

The inner membrane protein Oxal plays an important
role in this export process. Oxal is conserved from bacteria
to chloroplasts and mitochondria, and appears to mediate
protein insertion in all of these systems (Bauer et al., 1994;
Bonnefoy et al., 1994; Moore et al., 2000; Samuelson et al.,
2000). Oxal directly interacts with insertion intermediates
(Hell et al., 1997, 1998, 2001). In the absence of Oxal, the
mitochondrially encoded subunit 2 of cytochrome oxidase
(Cox)! accumulates in the matrix and its intermembrane
space domains cannot traverse the inner membrane (He
and Fox, 1997; Hell et al., 1997). Similarly, in oxal mutants
conservatively sorted proteins like subunit 9 of the FjF;-
ATP synthase of Neurospora crassa or Oxal itself show
significant export defects and end up in the matrix after im-
port (Hell et al., 1998). This indicates that Oxal represents
a component of a general protein export machinery in the
mitochondrial inner membrane, the OXA translocase.

LAbbreviations used in this paper: Cox, cytochrome oxidase; DFDNB, 1,5-
difluoro-2,4-dinitrobenzene; DSG, disuccinimidyl glutarate; DSP, dithio-
bis(succinimidylpropinate); pCox, precursor Cox.
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However, there are several observations suggesting that
the strict dependence of the export of Cox2 on Oxal may
be exceptional and most inner membrane proteins can in-
sert also in the absence of Oxal. (a) oxal deletion mutants
can be rescued by reintroduction of the OXAI gene (Bon-
nefoy et al., 1994). If a functional OXA translocase would
be absolutely required for the insertion of Oxal into the
inner membrane, the Oxal protein synthesized in the
transformed Aoxal mutant should accumulate exclusively
in the matrix and therefore not be able to form a func-
tional translocase. (b) In Aoxal strains, the F)F;-ATPase is
still present although at reduced levels (Lemaire et al.,
2000). This protein complex contains three mitochondri-
ally encoded transmembrane subunits that obviously can
insert independently of Oxal. Deletion of the inner mem-
brane protease Ymel restores wild-type levels of the FyF;-
ATPase in Aoxal mutants (Lemaire et al., 2000). Presum-
ably, when protein degradation is reduced F; subunits
have sufficient time to find their way into the membrane,
even in the absence of Oxal. (c¢) It has been shown that
mutations in cytochrome c; make Oxal dispensable, and
Oxal-independent export pathways obviously have to be
used in these strains (Hamel et al., 1998). These observa-
tions indicate that at least one alternative pathway for the
insertion of inner membrane proteins must exist.

Here we analyzed the function of the inner membrane
protein Mbal, which, together with Oxal, was originally
described as a multicopy suppressor of a mutant lacking
YtalO (Afg3), a protease in the inner membrane; loss of
Mbal was reported to cause decreased cytochrome aa; lev-
els and a slow growth phenotype on nonfermentable car-
bon sources (Rep and Grivell, 1996; Rep et al., 1996). We
show that Mbal is required for efficient membrane inser-
tion of several mitochondrial translation products. More-
over, Mbal interacts physically with translocation interme-
diates. Our results suggest that Mbal represents a novel
component of a protein insertion machinery in yeast mito-
chondria that, dependent on conditions and substrates, can
act either cooperatively with or independent of Oxal.

Materials and Methods

Yeast Strains and Cell Growth

Yeast strains used in this study were isogenic to the wild-type strains
W303a and YPH499 (Sikorski and Hieter, 1989). In the Aoxal strain, the
complete OXAI reading frame was replaced by a kanamycin resistance
cassette by homologous recombination of a PCR product. The tempera-
ture-sensitive oxal" strain was generated by replacing the HIS3 gene in
the Aoxal strain with the oxal® allele of the pet/402 mutant (Bauer et al.,
1994). To generate the Ambal strain, the complete MBAI reading frame
was replaced by the HIS3 gene by homologous recombination of a PCR
product. The Ambal Aoxal mutant was generated by sporulation and tet-
rad dissection after crossing the Ambal strain with the Aoxal strain. The
Ambal oxal® mutant was generated by sporulation after crossing the
Ambal strain with a strain in which oxal carried the pet/402 mutation.
The impl mutant strain was a gift from E. Pratje, (University of Hamburg,
Hamburg, Germany). Standard genetic manipulations were used through-
out (Sherman et al., 1986). Yeast strains were cultivated at 30 or 24°C (for
oxal® strains) on lactate medium or on YP medium (1% yeast extract, 2%
peptone) supplemented with 2% galactose and 0.5% potassium hydrox-
ide-buffered lactate (Sherman et al., 1986; Herrmann et al., 1994a). Mito-
chondria were isolated as described previously (Herrmann et al., 1994a).
To radiolabel mitochondrial translation products in whole cells, yeast cul-
tures were grown to log phase in synthetic medium lacking ammonium
sulfate (Sherman et al., 1986). Then 140 pg/ml cycloheximide, 60 nCi/ml
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[**S]methionine, and 40 pg/ml of the other 19 proteinogenic amino acids
were added. After incubation for 30 min at 30°C the cells were lysed by
vigorous mixing with glass beads in 0.2% SDS, and the resulting extract
was subjected to SDS-PAGE.

Recombinant DNA Techniques

For construction of the in vitro transcription construct, MBAI gene was
amplified from genomic yeast DNA by PCR using the primers 5'-
GGGTCTAGAATGAGTGTATTAAGATC-3' and 5-GGGAAGCT-
TGCCTTAGCTTGGAGGTAAACG-3' and subcloned into the Xbal-
HindIII sites of the vector pGEM4 (Promega). For overexpression of
Mbal, the MBAI coding region was cut out from the pPGEM4 vector and
subcloned into the EcoRI and HindIII sites of the expression vector
pYX122 (Novagen).

Mitochondrial Subfractionation

The procedures used for subfractionation of mitochondria were described
previously (Leonhard et al., 2000). Swelling and proteinase K treatment
were controlled by Western blotting using cytochrome c¢ peroxidase, D1d1,
Oxal, and Mgel as marker proteins.

To determine the sizes of the Mbal and Oxal complexes, 1 mg wild-
type mitochondria was lysed in 220 pl 1% digitonin, 150 mM potassium
acetate, | mM PMSF, and 10 mM Hepes, pH 7.4. The lysate was cleared
by centrifugation at 125,000 g for 30 min at 4°C and loaded on a Superose
12 column (Amersham Pharmacia Biotech). Proteins in the fractions were
precipitated by the addition of 12% TCA, resolved on SDS-PAGE, and
analyzed by Western blotting. The signals of Mbal and Oxal were quanti-
fied by densitometry.

Flotation of Integral Membrane Proteins

Proteins were synthesized in the presence of [**S]methionine in isolated
mitochondria for 20 min as described (Herrmann et al., 1994a). Mitochon-
dria were reisolated and incubated for 30 min at 4°C in 200 wl 0.1 M so-
dium carbonate. The samples were split and proteins from one half were
TCA precipitated. The other half were adjusted to 1.6 M sucrose, trans-
ferred into a 650-pl SW60 centrifugation tube (Beckman Coulter), and
overlaid with 250 wl 1.4 M sucrose, 0.1 M sodium carbonate and 100 pl
0.25 M sucrose, and 0.1 M sodium carbonate. After centrifugation at
485,000 g for 2 h at 2°C, the floated membrane fraction was collected. Pro-
teins were TCA precipitated, separated by SDS-PAGE, and transferred
to nitrocellulose. Signals for mitochondrial translation products were de-
tected by autoradiography and quantified using a PhosphoImaging station
(BAS-1500; Fuji).

Cross-linking and Immunoprecipitation

Cross-linking analysis of mitochondrial translation products was per-
formed essentially as described previously (Hell et al., 1998). Proteins
were synthesized in the presence of [**S]methionine in isolated mitochon-
dria as described (Herrmann et al., 1994a), with the exception that BSA
was omitted from the buffer and Hepes was used instead of Tris to pre-
vent quenching of the cross-linkers. For cross-linking, 1,5-difluoro-2,4-
dinitrobenzene (DFDNB) or dithiobis(succinimidylpropinate) (DSP) was
added for 15-30 min.

For cross-linking of imported Oxalp, radiolabeled Oxal was incubated
with wild-type mitochondria in import buffer lacking BSA for 10 min at
25°C as described (Hell et al., 1997). Mitochondria were reisolated and in-
cubated in 400 pl of 0.6 M sorbitol, 2 mM ATP, 2 mM NADH, and 20 mM
Hepes, pH 7.4 in the presence of 400 uM disuccinimidyl glutarate (DSG)
for 30 min.

Cross-linking was stopped by the addition of 100 mM glycine. Mito-
chondria were reisolated, washed, and lysed in 0.1% SDS. After a clarify-
ing spin for 10 min at 20,000 g, the extract was diluted 100-fold in 1% Tri-
ton X-100, 300 mM KCl, 5 mM EDTA, 1 mM PMSF, 10 mM Tris/HCI, pH
7.4, and used for immunoprecipitation according to published procedures
(Herrmann et al., 1994b).

Generation of Antisera

Antisera against the COOH terminus of Mbal were raised in rabbits by
injecting the chemically synthesized peptide CEDDAKVAIHRMK, rep-
resenting amino acid residues 259-271 coupled to keyhole limpet hemocy-
anin (Pierce Chemical Co.). The antisera against Cox2, Cox20, Oxal, and
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YtalO were described previously (Pajic et al., 1994; Herrmann et al., 1995,
1997; Hell et al., 2000).

Miscellaneous

Import of in vitro-synthesized proteins into isolated mitochondria (Herr-
mann et al., 1997) and enzymatic measurement of the activities of the bcl,
Cox, and ATPase complexes were performed essentially as described pre-
viously (Hell et al., 2000).

Results

Mbal Is a Matrix Protein Associated
with the Inner Membrane

To assess the localization of Mbal, we raised an antiserum
against a peptide representing amino acid residues 259-
271 of Mbal. In Western blots of mitochondrial extracts,
this serum specifically recognized a 24-kD band which was
absent in Ambal mutant mitochondria (Fig. 1 A). The
Ambal mitochondria contained wild-type levels of the
proteins Oxal and Cox20. In contrast, the amount of Cox2
was strongly reduced (Fig. 1 A), which explains the low cy-
tochrome aaj levels that are reported for this mutant (Rep
and Grivell, 1996).

A mitochondrial subfractionation experiment is shown
in Fig. 1 B. Mbal was found to be resistant to added pro-
tease both in mitochondria and in mitoplasts in which the
outer membrane was ruptured by hypotonic swelling
(lanes 2 and 3). In contrast, the outer membrane protein
Tom?70 and the intermembrane space protein cytochrome
b, (Cyt b,) were degraded under these conditions. After
detergent lysis of mitochondrial membranes, Mbal was
protease sensitive (lane 4). This indicates a localization of
Mbal in the mitochondrial matrix or in the inner mem-
brane. Upon sonication of mitochondria, Mbal was exclu-
sively found in the membrane fraction (lanes 5 and 6).
Even under the rigid extraction conditions of treatment
with 0.1 M unbuffered carbonate, a significant fraction of
Mbal fractionated with membranes (lanes 7 and 8). A
very similar behavior was reported for the overexpressed
myc-tagged Mbal (Rep and Grivell, 1996). Thus, although
Mbal does not expose protease-sensitive domains to the
intermembrane space, it is tightly associated with the inner
membrane. The sequence of Mbal contains two adjacent
hydrophobic stretches (amino acid residues 70-86 and 89—
102) which might be embedded deeply in the membrane
and lead to an extraction pattern that resembles that of the
transmembrane protein Tom?70.

The mitochondrial localization of Mbal was further sup-
ported in vitro by import experiments of a 3S-labeled Mbal
precursor (Fig. 1 C, pMbal). Upon incubation with isolated
yeast mitochondria (lanes 2-5), a proteolytically processed
mature form of Mbal was generated (mMbal) that re-
mained protease resistant in mitochondria and mitoplasts
(lanes 3 and 4). In the absence of a membrane potential, no
Mbal was imported into mitochondria and the Mbal pre-
cursor remained protease accessible (lanes 7-10, —Ay).

The reduced amounts of Cox2 in Ambal mitochondria
might be due either to an impaired synthesis rate or to an
instability of Cox2. To differentiate between these two
possibilities, mitochondrial translation products were la-
beled with [**S]methionine in wild-type or Ambal mutant
cells for 30 min. Then mitochondrial translation was
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Figure 1. Localization of Mbal on the matrix side of the mito-
chondrial inner membrane. (A) Western blots of extracts of wild-
type (wt) and Ambal mitochondria (50 wg) using antisera against
Oxal, Mbal, Cox20, and Cox2. (B) Submitochondrial fraction-
ation. Lane 1, mitochondria (M); lane 2, proteinase K-treated mi-
tochondria; lane 3, proteinase K-treated mitoplasts (MP); lane 4,
proteinase K-treated Triton X-100 extract of mitochondria (TX);
lane 5, membrane-associated proteins (P); lane 6, soluble protein
fraction after sonication of mitochondria (S); lane 7, membrane
proteins; and lane 8, soluble protein fraction after carbonate ex-
traction of mitochondria. Marker proteins for the different mito-
chondrial subcompartments were Tom70 for the outer mem-
brane, cytochrome b, (Cyt b,) for the intermembrane space,
Tim44 for a matrix protein, and ADP/ATP carrier (AAC) for the
inner membrane. (C) Import of in vitro-synthesized Mbal pre-
cursor (pMbal) into isolated mitochondria. Mbal precursor pro-
tein was synthesized in reticulocyte lysate and incubated for 20
min at 25°C with wild-type mitochondria. Equal aliquots were ei-
ther mock treated (lanes 2 and 7), treated with proteinase K
(lanes 3 and 8), converted to mitoplasts and treated with protein-
ase K (lanes 4 and 9), or lysed with 1% Triton X-100 before pro-
teinase K treatment (lanes 5 and 10). For the samples shown in
lanes 7-10, the membrane potential (Ays) was dissipated by addi-
tion of 5 uM valinomycin during the import reaction. For com-
parison, lanes 1 and 6 show 10% of the precursor protein used
per import reaction. Proteins were separated by SDS-PAGE and
transferred to nitrocellulose. Efficiencies of mitoplast formation
and protease treatment were controlled by Western blotting.
Mbal signals were detected by autoradiography. (D) Newly syn-
thesized Cox2 is unstable in Ambal mitochondria. Mitochondrial
translation products were radiolabeled in wild-type and Ambal
cells for 30 min. Then the cells were washed twice and reincubated
in the presence of 2.5 mg/ml chloramphenicol and 5 mM cold me-
thionine at 30°C for 0, 30, or 90 min. Proteins were separated by
SDS-PAGE, and signals of radioactive Cox2 were quantified. The
graph shows the amounts of Cox2 relative to the material present
directly after the labeling reaction.
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blocked and the cells were further incubated. After differ-
ent times of this chase period, aliquots were taken and the
amount of radiolabeled Cox2 was quantified (Fig. 1 D). In
both strains comparable amounts of Cox2 were synthe-
sized (data not shown). Although in wild-type cells the
Cox2 level stayed constant, during the chase period Cox2
was rather unstable in the Ambal mutant and within 90
min more than half of the protein was degraded. From this
we conclude that Mbal is not required for Cox2 synthesis,
but for a later step in Cox2 biogenesis.

Mbal Is Required for Efficient
Membrane Insertion of Cox2

The isolation of both Mbal and Oxal in the same genetic
screen (Rep and Grivell, 1996) might indicate a similar
function of both proteins. Therefore, we tested whether
Mbal plays a role in the membrane insertion process of
mitochondrial translation products. The mitochondrial ge-
nome of yeast encodes eight major proteins, out of which
seven are integral membrane subunits of respiratory chain
complexes (Borst and Grivell, 1978). One of these pro-
teins, Cox2, is synthesized with an NH,-terminal prese-
quence that is removed by the Imp1 protease in the inter-
membrane space after translocation across the inner
membrane. Therefore, the accumulation of the precursor
form of Cox2 is characteristic of defects in the protein ex-
port process from the matrix and is associated with oxal
mutations, for example (Bauer et al., 1994; He and Fox,
1997; Hell et al., 1997). To look for an accumulation of
Cox2 precursor in the matrix, we synthesized proteins in
isolated wild-type or Ambal mitochondria in the presence
of [¥*S]methionine. In wild-type mitochondria no precur-
sor of Cox2 was observed (Fig. 2 A, top). In contrast, in
Ambal mitochondria a significant fraction of Cox2 re-
mained unprocessed (Fig. 2 A, bottom). To test whether
this fraction accumulated in the mitochondrial matrix,
we performed the translation reaction in mitoplasts and
treated them with protease to degrade translation prod-
ucts that expose domains into the intermembrane space
(lane 4). The mature form of Cox2 was completely de-
graded both in the wild-type and mutant sample. In con-
trast, the Cox2 precursor (pCox2) formed in the Ambal
mitoplasts was not degraded, indicating an export defect in
the Ambal mitochondria. In addition to the Cox2 precur-
sor, the translation products cytochrome b and Cox1 were
partially protease inaccessible in Ambal mitoplasts. This
suggests that Mbal is involved in the insertion of several
mitochondrially encoded proteins.

During the biogenesis of Cox2, both its NH, and COOH
termini have to be translocated across the membrane. To
assess whether the export of the COOH terminus is also
affected in Ambal, mitochondrial translation products
were radiolabeled in mitoplasts before an incubation with-
out or with protease. The mitochondria were reisolated,
lysed, and subjected to immunoprecipitation using anti-
bodies against Cox2. In wild-type mitochondria only ma-
ture, protease-accessible Cox2 was detected, indicating
that Cox2 was exclusively in an NH,,, topology (Fig. 2 B,
lanes 1 and 2). Depletion of the membrane potential
strongly reduced the export efficiency of both the NH, and
COOH termini resulting both in a protease-inaccessible
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Figure 2. Mbal is required for efficient insertion of Cox2. (A)
Wild-type (wt; top) or Ambal mitochondria (bottom) were mock
treated or converted to mitoplasts. Mitochondrial translation
products were radiolabeled for 20 min at 25°C. The samples were
split and treated without or with 50 pg/ml proteinase K (PK) as
indicated. pCox2, Cox2 precursor; mCox2, mature Cox2; Cyt b,
cytochrome b. (B) Translation products were radiolabeled in the
presence (—Au, lanes 3 and 4) or absence (residual lanes) of 1 uM
valinomycin in wild-type or Ambal mitoplasts and treated with or
without protease K as depicted. The mitoplasts were reisolated
and lysed. Radiolabeled Cox2 was visualized by autoradiography
after immunoprecipitation with a COOH-terminal Cox2 antise-
rum. (C) Impl processing of cytochrome b, precursor. Cyto-
chrome b,(1-185)-DHFR precursor protein was synthesized in
reticulocyte lysate and incubated for the times indicated at 25°C
with wild-type, Ambal, impl, or oxal® mitochondria. The latter
had been preexposed to 37°C to induce the phenotype. Mitochon-
dria were then treated with 50 wg/ml proteinase K to remove non-
imported protein. After SDS-PAGE and autoradiography, the
fraction of Imp1 processed in relation to total imported protein
was quantified by densitometry. The inset shows the signals ob-
tained after import for 20 min in the strains indicated, and 10% of
the precursor protein used for each reaction for comparison (lane
1). Complete swelling of the samples was controlled by Western
blotting. p, precursor; i, intermediate; m, mature cytochrome
b,(1-185)-DHFR.
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precursor form of Cox2 (N;,—C;) and a characteristic
COOH-terminal fragment which is generated from a spe-
cies in N,,—~C;, topology by digestion of the exposed NH,
terminus (Fig. 2 B, lanes 3 and 4; Herrmann et al., 1995).
However, in Ambal mitochondria, the COOH-terminal
fragment was not generated, indicating that Mbal is not
required for translocation of the large COOH-terminal
domain of Cox2 (Fig. 2 B, lanes 5 and 6).

To exclude the possibility that a decreased activity of the
Impl protease in Ambal mitochondria may cause the ob-
served Cox2 precursor accumulation, we analyzed the ki-
netics of the Impl-dependent processing of the cytochrome
b, presequence in wild-type and mutant mitochondria after
in vitro import experiments. Cytochrome b, is synthesized
in the cytosol with a bipartite presequence which is re-
moved after import in two sequential steps, first by the mi-
tochondrial-processing peptidase and then by Impl. Both
the import kinetics into the Amba mitochondria (not
shown) and the kinetics of the maturation by Imp1 (Fig. 2
C) resembled that of wild-type mitochondria. This excludes
a diminished Imp1 processing in the Ambal strain.

Mbal Interacts with Mitochondrial Translation Products

Is Mbal in direct contact with inserting polypeptides? We
used chemical cross-linking reagents to answer this ques-
tion, as they had been very useful to study the interaction
of Oxal with its substrates (Hell et al., 1997, 1998). Trans-
lation products were radiolabeled with [**S]methionine in
isolated mitochondria. After 10 min the sample was either
mock treated (Fig. 3 A, lanes 1-5) or treated with the
cross-linker DFDNB (lanes 6-10). DFDNB is a lysine-spe-
cific cross-linker with a very short distance of the reactive
groups (0.3 nm) that can only connect proteins that are in
direct contact with each other. After 30 min the reaction
was stopped by the addition of an excess of cold methio-
nine and glycine to quench the cross-linker. Under these
conditions, protein synthesis still occurred but, in addition
to the completed translation products, a “smear” of un-
completed products was visible on SDS-PAGE, caused by
stops of the in vitro translation process. The mitochondria
were lysed and the resulting extracts were used for immu-
noprecipitation with antisera against Mbal (lanes 3 and 8),
Oxal (lanes 4 and 9), the protease YtalO (lanes 5 and 10),
or preimmune serum for control (lanes 2 and 7). No trans-
lation products were precipitated from samples without
DFDNB or when preimmune serum was used. However,
Mbal, like Oxal and YtalO, was cross-linked to polypep-

Figure 3. Mbal is in direct proximity to mitochondrial transla-
tion intermediates. (A) Mitochondrial translation products were
radiolabeled for 10 min at 25°C. The reaction was split and
treated without (lanes 1-10) or with (lanes 11-20) 2 mg/ml
chloramphenicol. After 1 min the samples were either mock
treated (lanes 1-5 and 11-15) or treated with 400 .M DFDNB
(other lanes) for 20 min. Cross-linking was quenched by the addi-
tion of 100 mM glycine. The mitochondria were reisolated,
washed, and incubated in 1% SDS for 30 s at 96°C. The extract
was centrifuged for 5 min at 15,000 g and either directly applied to
SDS-PAGE (T, total) or used for immunoprecipitation with pre-
immune serum (p.i.) or antiserum against Mbal, Oxal, and Ytal0
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as indicated. (B) Mitochondrial translation products were radio-
labeled for 15 min in the absence (+Ays, lanes 1-8) or the pres-
ence (—Ay, lanes 9-16) of 1 wM valinomycin. Then the samples
were mock treated (lanes 1-4 and 9-12) or treated with 200 uM
DSP (other lanes) for 30 min. Cross-linking and translation were
stopped by addition of glycine and unlabeled methionine. Mito-
chondria were reisolated, washed, and further treated as outlined
in A. Lanes labeled T show 10% of the extract used for immuno-
precipitation. (C) Transient interaction of Mbal and Oxal with
newly synthesized Cox2. Mitochondrial translation products were
radiolabeled in three separate reactions for 25 min (Pulse). The la-
beling was stopped by the addition of 25 pg/ml puromycin and 5
mM methionine, and the samples were further incubated for 30
min (Chase). During this procedure 400 pM of the cross-linker
DSP was present for 15 min and then quenched with 100 pM gly-
cine. As depicted in the insert, sample A was cross-linked during
the labeling period, B directly afterwards, and C 15 min after the
beginning of the chase reaction. The mitochondria were reisolated,
lysed, and either directly applied to SDS-PAGE (Total) or used
for immunoprecipitation with preimmune serum (p.i.) or antise-
rum against Mbal, Oxal, and Cox20 as indicated. Lanes labeled
“Total” show 10% of the extract used for immunoprecipitation.
The amounts of immunoprecipitated Cox2 were quantified and
are shown as a percentage of total Cox2.
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tides of a wide size range, indicating the interaction of all
three proteins with uncompleted translation products.

These cross-linked polypeptides might represent na-
scent chains that are bound to ribosomes or uncompleted
translation products that are prone to protein degradation.
To test this we blocked the translation reaction with
chloramphenicol before DFDNB was added (lanes 11-20).
Chloramphenicol leads to an arrest of protein synthesis
and nascent chains remain firmly associated with the ribo-
somes. Under these conditions, no cross-linking of transla-
tion products to Ytal0 was found, indicating that this
protease may preferentially bind to uncompleted poly-
peptides which are no longer bound to ribosomes. In con-
trast, an increase of the cross-linking efficiency to Mbal
was observed, suggesting that Mbal interacts with trans-
lation products predominantly during their synthesis.
This is further indicated by the wide size range of the
cross-link products, which is typical for cross-linked na-
scent chains and which would not be expected if cross-
linking occurred only to completely synthesized and in-
serted proteins.

Which proteins are substrates of Mbal? To answer this
question we used the cleavable cross-linker DSP. During
protein synthesis in isolated mitochondria, rather low
amounts of DSP were added so that translation was al-
lowed to continue during the cross-linking reaction, lead-
ing to the completion of the synthesis of cross-linked ad-
ducts (Hell et al., 1998). The mitochondria were lysed, and
the extracts were used for immunoprecipitation with anti-
sera against Mbal and Oxal or with preimmune serum.
Then the cross-links were cleaved and the samples were
applied to SDS-PAGE. Four out of the eight translation
products could be specifically pulled down together with
Mbal and Oxal: subunits 1, 2, and 3 of the cytochrome c
oxidase and, with lower efficiency, cytochrome b (Fig. 3 B,
lanes 6 and 7). Thus, these proteins are in close proximity
to Mbal and Oxal at some stage of their synthesis. The
other translation products do not interact with Mbal and
Oxal, or do not expose lysine residues which would allow
cross-linking. A similar result was obtained when the
membrane potential was depleted during synthesis (lanes
9-16). Thus, the membrane potential is not required for
the interaction of mitochondrial translation products with
Mbal and Oxal.

At which time point of the Cox2 biogenesis does the in-
teraction to Mbal and Oxal occur? To address this ques-
tion translation products were radiolabeled in wild-type
mitochondria for 25 min in three parallel reactions. Then
the labeling reaction was stopped by addition of puromy-
cin and an excess of cold methionine and the mitochondria
were further incubated (“chase”). The cleavable cross-
linker DSP was present for 15 min either during the label-
ing period (A) or at an early (B) or late (C) stage of the
chase period as depicted in Fig. 3 C. Then the mitochon-
dria were reisolated, lysed, and subjected to immunopre-
cipitation with sera against Mbal, Oxal, Cox20, or preim-
mune serum. Cross-links to Mbal and Oxal were mainly
formed during or directly after the labeling period. This in-
dicates a transient interaction of Cox2 with both Mbal and
Oxal very early in the Cox2 biogenesis. In contrast, the
cross-link efficiency to Cox20 was much higher and was
maximal at later time points. Cox20 was reported to repre-
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sent a chaperoning factor that forms a stable interaction
with unassembled Cox2 (Hell et al., 2000).

Mbal Facilitates Export of Nuclear-encoded Proteins

Efficient membrane insertion of Cox2 appears to depend
on the recruitment of the ribosomes to the inner mem-
brane (Sanchirico et al., 1998) which may allow a cotrans-
lational translocation process. If Mbal is required to re-
cruit ribosomes to the inner membrane, it should be
dispensable for a posttranslational export of the Cox2 NH,
terminus. To test this we performed import experiments
with the in vitro-synthesized fusion protein pSu9(1-
66)Cox2(1-74)-DHFR, comprising a mitochondrial target-
ing signal followed by the first 74 amino acid residues of
Cox2 and mouse dihydrofolate reductase (Fig. 4 A). This
protein is imported into the matrix where the mitochon-
drial targeting signal is removed so that the NH, terminus
of Cox2 can be inserted into the inner membrane (Herr-
mann et al., 1995). Upon insertion, the NH,-terminal 39
amino acid residues are exposed to the intermembrane
space, which leads to the generation of a characteristic
fragment after protease treatment of mitoplasts. This al-
lows the quantification of the posttranslational insertion of
the NH, terminus of Cox2. Both Mbal and functional
Oxal were required for efficient insertion of Cox2(1-74)-
DHFR (Fig. 4 A). This suggests that, similar to Oxal,
Mbal plays a role in the protein export process from the
mitochondrial matrix.

Is Mbal also involved in the insertion of nuclear-encoded
proteins? Oxal has been used as a model protein to ana-
lyze the export of nuclear-encoded proteins from the ma-
trix into the inner membrane (Herrmann et al., 1997). Af-
ter import into the mitochondrial matrix, Oxal is initially
protected against protease, even after opening of the outer
membrane. In contrast, after export of the NH, terminus of
Oxal protease, treatment of mitoplasts leads to a charac-
teristic 27-kD fragment. To analyze the export efficiency in
various strains, radiolabeled Oxal was imported into iso-
lated mitochondria for 10 min. Then mitochondria were re-
isolated, converted into mitoplasts, treated with protease,
and the ratio of protease accessible (i.e., inserted) to total
protein was determined (Fig. 4 B). Complete opening of
the intermembrane space was controlled by Western blot-
ting. In wild-type mitochondria, 61% of Oxal was inserted.
The insertion was slightly reduced in Ambal and oxal® mi-
tochondria (the mitochondria were not pretreated at 37°C,
and thus the temperature-sensitive phenotype was not in-
duced). However, Oxal was inserted with significantly re-
duced efficiency in mitochondria of a Ambal oxal® double
mutant (Fig. 4 B). This indicates that even at permissive
conditions Oxal® function depends on the presence of
Mbal. Thus, in the background of this partially impaired
Oxal protein, Mbal is required for the insertion of a nu-
clear-encoded protein, which indicates that Oxal and Mbal
cooperate in the process of Oxal insertion.

Next we used chemical cross-linking to test whether
Mbal physically interacts with the imported Oxal during
its insertion (Fig. 4 C). After import of Oxal, mitochon-
dria were incubated with the cross-linker DSG, lysed, and
the resulting extract was used for immunoprecipitation
with Mbal-specific or preimmune serum. In the presence
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Figure 4. Mbal interacts with nuclear-encoded proteins. (A)
Posttranslational insertion of the Cox2 NH, terminus. In the inset,
the export of the Cox2 NH, terminus after import of pSu9(1-
66)pCox2(1-74)-DHFR is depicted. N, NH, terminus; C, COOH
terminus; OM, outer membrane; IMS, intermembrane space; IM,
inner membrane; MPP, cleavage site of the mitochondrial process-
ing peptidase; Su9, subunit 9 presequence; TM1, first transmem-
brane domain of Cox2. (Middle and bottom panels) Wild-type,
Ambal, and oxal® mitochondria were pretreated for 10 min at
37°C and incubated with pSu9(1-66)pCox2(1-74)-DHFR for 4, 10,
and 30 min at 25°C. The mitochondria were converted into mito-
plasts and treated with proteinase K (50 pg/ml) to digest the NH,
terminus of inserted Cox2. Lanes 1-3 show the generation of the
fragment in wild-type mitochondria; lanes 4 and 5 show the 30 min
reactions of Ambal and oxal® mitochondria, respectively. The
graph shows a quantification of the fraction of inserted Cox2 rela-
tive to total imported protein at various times of import. The num-
bers were corrected for the methionine residues contained in the
different Cox2 species. (B) Oxal precursor (pOxal) was synthe-
sized in reticulocyte lysate and incubated for 20 min at 25°C with
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of the DSG a cross-link product of ~60 kD was specifi-
cally pulled down with the Mbal serum. This corresponds
to a size shift of ~24 kD, as would be expected for a cross-
link to Mbal.

Mbal Can Function Independently of Oxal

What is the mode of cooperation of Mbal and Oxal? Both
complexes may either work in parallel or have overlapping
but independent functions. Alternatively, they might func-
tion sequentially. For example, Mbal might pass on a sub-
strate protein to the OXA complex. We used the advan-
tage of yeast genetics to differentiate between both
possibilities. If Mbal would function upstream or down-
stream of Oxal, the phenotype of a Aoxal Ambal double
and a Aoxal single mutant should be similar. In contrast,
we observed severe synthetic growth defects of the double
mutant even on glucose (Fig. 5 A): this strain hardly grew
on glucose at 24°C and grew slowly at 30°C (Fig. 5 A, top).
This synthetic effect indicates that Mbal can function in-
dependently of Oxal and can facilitate protein insertion
on a pathway that works in parallel to the Oxal route. A
similar strong growth defect was observed when MBAI
was deleted in an oxal® background at restrictive condi-
tions (37°C). Even at permissive conditions (24°C) this
mutant was unable to grow on glycerol (Fig. 5 A, bottom),
although the steady state levels of Oxal were unchanged
(not shown). In addition, a complete block of the Cox2
processing was observed in the oxal® Ambal strain even at
24°C (not shown). Thus, the oxal® strain requires Mbal
for Cox2 export and respiration competence even at the
permissive temperature. This suggests that Oxal® is par-
tially defective at all temperatures, but that Mbal can
compensate for the defects at lower temperatures.

Mbal Is Not Part of the OXA Complex

Oxal has been reported to be part of an oligomeric com-
plex (Hell et al., 1998). Is Mbal a subunit of this complex?
No cross-links of endogenous Mbal and Oxal could be
detected and Mbal was not coimmunoprecipitated with
Oxal or vice versa, even when mitochondria were lysed
with the very mild detergent digitonin (not shown). Both
proteins did not cofractionate upon gel filtration chroma-
tography, as shown in Fig. 5 B. Mbal is part of a 200-kD
complex that is slightly but distinctly smaller than the
OXA complex (250-300 kD). In addition, deletion of
Mbal did not affect the levels of Oxal, which might be ex-
pected if both proteins are subunits of one complex (Fig. 1
A). This also excludes that the effects observed in the

wild-type, Ambal, oxal®, oxal® Ambal, or Aoxal mitochondria.
Mitochondria were then converted to mitoplasts (MP) and treated
with 50 pwg/ml proteinase K (PK) as indicated to convert inserted
Oxal into a characteristic fragment. The ratio of fragment to total
imported Oxal was determined by densitometry. (C) Radiola-
beled Oxal precursor was imported into wild-type mitochondria
for 10 min. Then the reaction was split and one half was mock
treated, and the other treated with 100 uM DSG for 20 min. The
mitochondria were reisolated, lysed, and either directly analyzed
by SDS-PAGE (10%) or used for immunoprecipitation with Mbal
antiserum or with preimmune serum. The cross-link product spe-
cifically precipitated with Mbal serum is indicated by an arrow.
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Figure 5. Mbal can function independently of Oxal. (A) Muta-
tions in mbal and oxal cause synthetic growth defects. The
strains indicated were grown on YPD medium to log phase and
serial 10-fold dilutions of the cultures were spotted on YP plates
containing 2% glucose (YPD; top) or 2% glycerol and 2% etha-
nol (YPEG; bottom). The plates were incubated at the tempera-
tures indicated for 2 (top) or 4 d (bottom). (B) Oxal and Mbal
do not cofractionate upon gel filtration. A digitonin extract of
wild-type mitochondria was separated on a Superose 12 column.
Resulting fractions were analyzed by Western blotting and the
signals for Oxal and Mbal were quantified. (C and D) The activ-
ities of the bcl and the Cox complex are decreased in oxal and
mbal mutants. Enzyme activities of wild-type, Ambal, Aoxal,
and Aoxal Ambal mitochondria were measured in three experi-
ments. Error bars show the standard deviation. (E) ATPase ac-
tivities of wild-type, Ambal, Aoxal, Aoxal Ambal, and Afzol
were measured in the presence or absence of oligomycin. The
percentage of oligomycin-sensitive ATPase activity is shown. The
rho” mutant Afzol was used as a control for mitochondria lacking
functional F,-ATPase.

Ambal strain were caused by reduced steady state levels
of Oxal. In summary, these experiments indicate that
Mbal and Oxal are not stably interacting with each other.
However, a transient interaction of both components can-
not be excluded.

mbal and oxal Mutations Cause Synthetic
Defects of Respiratory Chain Enzymes

To analyze the nature of the synthetic growth phenotypes
observed for mbal and oxal mutants, we measured the lev-
els of activity of the bc; and the Cox complexes of the res-
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piratory chain in single and double deletion strains (Fig. 5,
C and D). The absence of Mbal alone led to a reduction in
Cox activity by >90%, but did not affect bc; activity. Aoxal
mitochondria still contained ~30% of the wild-type bc, ac-
tivity, yet almost no activity was detectable in the double
deletion mutant. Defects in the biogenesis of the F, part of
the FyF;-ATPase cause a strong reduction of the percent-
age of oligomycin-sensitive mitochondrial ATPase activity
(Schatz, 1968). As shown in Fig. 5 E, deletion of both
MBAI and OXAI reduced the level of oligomycin-sensi-
tive ATPase to ~20%, which is similar to amounts found in
rho? strains, e.g., Afzol (Rapaport et al., 1998), which do
not contain any functional F-ATPase (Ackerman and Tza-
goloff, 1990). Thus, in the presence of Oxal, Mbal is dis-
pensable for the biogenesis of the bc; and ATPase com-
plex, but Mbal is absolutely required if Oxal is absent.

mbal and oxal Mutations Cause Synthetic
Defects in Protein Export

Next we determined the efficiency of membrane integration
in the different mutants. Mitochondrial translation products
were radiolabeled for 20 min. Then a fraction containing in-
tegral membrane proteins were isolated by carbonate ex-
traction and flotation and compared with the total amount
of synthesized proteins (Fig. 6). The membrane insertion of
cytochrome b was significantly reduced in the absence of
Mbal and almost completely abolished in Ambal Aoxal
mitochondria. The insertion of Cox1 and Cox3 was also im-
paired in Ambal mitochondria. This fractionation protocol
probably underestimates the defects in the mutants since it
does not allow verification of a correct topology and func-
tionality of the membrane-associated proteins.

Mbal Can Partially Compensate for the Loss of Oxal

To further analyze this Oxal-independent function of
Mbal, we asked whether an interaction of Mbal with mi-
tochondrial translation products can be observed in the
absence of Oxal. We performed chemical cross-linking us-
ing either wild-type, Aoxal, or AimpI mitochondria (Fig. 7
A). Translation products were labeled in isolated mito-
chondria in the presence of [*>S]methionine. After incuba-
tion with the cleavable cross-linker DSP (lanes 5-11) or
mock treatment (lanes 1-4), the mitochondria were lysed
and cross-linked adducts to Mbal or Oxal were isolated
by immunoprecipitation. Then the cross-links were broken
and the samples were analyzed by SDS-PAGE and auto-
radiography. In wild-type mitochondria, Cox1, Cox2, and
Cox3 were specifically cross-linked to both Mbal and
Oxal. In the absence of Oxal, Mbal still interacted with
Cox3, indicating that Oxal is not required for this interac-
tion. The levels of Cox1 synthesized in Aoxal mitochon-
dria are strongly reduced, so that its interaction to Mbal
cannot be assessed. However, Cox2 is efficiently synthe-
sized, but no cross-linking to Mbal was observed. Thus,
Oxal is dispensable for the interaction of Mbal with Cox3,
but is required for the contact of Mbal to Cox2. It is un-
likely that this is due to the Cox2 processing defect in
Aoxal mitochondria since the cross-linking efficiency of
Cox2 to Mbal was unaffected in Aimpl mitochondria that
also accumulate Cox2 precursor (Fig. 7 A, bottom).

1092



Aoxal

wt Ambal Aoxal Ambail
T M T M T M T M
CVar1—---...- Y- —_
ox1
pCox2 . —3 R
= 1 = —.

Cyt b ce— i —————
Cox3—HGE— o= — 09—

AAC —— e — S — . ——— ——

AcOl —ilR i — I

pCox2 - 3% 9% 2%
mCox2 _ 75% 57% - -
Cytb 98% 57% 88% 8%
Cox3 98% 65% 73% 52%
Figure 6. oxal and mbal mutants show synthetic protein inser-

tion defects. Translation products were radiolabeled for 20 min at
25°C in mitochondria of the strains indicated. Mitochondria were
reisolated and treated with 0.1 M Na,COj;. Samples were split.
Proteins were either directly precipitated with TCA (T, total) or
after flotation through a sucrose gradient (M, membranes), sepa-
rated by SDS-PAGE, and transferred to nitrocellulose. Varl,
Cox2, cytochrome b, and Cox3 signals were detected by autorad-
iography, quantified, and the proportions of floatable material
are indicated. For control, the soluble protein Acol and the
membrane protein ATP/ADP carrier (AAC) were detected by
Western blotting.

To directly prove an Oxal-independent function of
Mbal, we tested whether overexpression of Mbal allows
the loss of Oxal. Expression of Mbal under control of the
strong TPII promoter did not suppress the growth defect
of a Aoxal mutant on glycerol, indicating that Mbal over-
expression does not make Oxal dispensable. However,
overexpression of Mbal clearly restored the competence
of the mitochondria to integrate newly imported Oxal
into the inner membrane (Fig. 7, B and C). In vitro-syn-
thesized Oxal precursor was imported into wild-type,
Aoxal, or AoxalMbalT mitochondria. The mitochondria
were reisolated, converted to mitoplasts, and protease
treated (lanes 4, 7, and 10). After SDS-PAGE and autora-
diography the ratio of protease-accessible to total im-
ported Oxal was quantified as depicted in Fig. 7 C. In
AoxalMbalT mitochondria, 31 + 6% of the imported
Oxal NH, termini had reached the intermembrane space
compared with 7 = 5% in Aoxal and 62 * 6% in wild-type
mitochondria. This indicates that, at least in case of this
nuclear-encoded protein, the overexpression of Mbal can
partially compensate for the loss of Oxal.

Discussion

The mitochondrial inner membrane belongs to the pro-
tein-richest membranes of the eukaryotic cell. It accom-
modates a large number of different integral membrane
proteins which, typically assembled in multiprotein com-
plexes, perform a variety of functions, like substrate trans-
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Figure 7. Mbal can function in the absence of Oxal. (A) Trans-
lation reactions in wild-type, Aoxal, or Aimpl mitochondria were
incubated with the cleavable cross-linker DSP and analyzed by
immunoprecipitation as described in the legend to Fig. 3 B.
mCox2, mature Cox2. (B) ¥S-labeled Oxal precursor was im-
ported for 15 min at 25°C into wild-type, Aoxal, and
AoxalMbalT mitochondria. The samples were divided into three
parts. Mitochondria (M) were then either mock treated, treated
with proteinase K (PK), or converted to mitoplasts (MP) and
proteinase K treated. Lane 1 shows 10% of the preprotein used
per reaction. (C) The ratio of protease-accessible Oxal to total
imported Oxal was quantified from four independent experi-
ments and depicted in the diagram. Error bars show the standard
deviation (n = 4).

port or generation of ATP. Upon growth of mitochondria,
these proteins have to be efficiently inserted into the inner
membrane and the correct topology of each single trans-
membrane segment must be achieved. Many of these pro-
teins are inserted from the matrix side and intermembrane
space domains of these proteins have to be exported
across the inner membrane. The OXA complex plays an
important role in this insertion (or export) process. How-
ever, there may exist other additional components which
act together with Oxal or independent of Oxal to facili-
tate the membrane insertion of proteins.

We have identified Mbal as one such other component
that is in contact with insertion intermediates as they inte-
grate into the lipid bilayer. Like Oxal, Mbal is required
for efficient protein insertion of both mitochondrially and
nuclear-encoded proteins. Mbal and Oxal overlap not
only in substrate specificity, but most likely also in their
function. In the presence of Oxal, Mbal is largely dispens-
able, indicating that Oxal can function independently of
Mbal. In contrast, Mbal is unable to replace Oxal com-
pletely even upon overexpression, but restores the defec-
tive insertion of the Oxal precursor in a Aoxal mutant.
This partial suppression may be explained by the observa-
tion that Mbal needs Oxal to interact with Cox2, whereas
its interaction with Cox3 is independent of Oxal.

Is Cox2 the only protein that exclusively depends on
Oxal function? It has been shown that mutations in Cox2
suppress the growth defects observed in oxal® mutants
(Meyer et al., 1997), and therefore the integration of other
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proteins may not be strictly dependent on Oxal function.
We showed that the absence of both Mbal and Oxal
cause a strong growth defect even on glucose. This syn-
thetic defect points not only to an Oxal-independent func-
tion of Mbal, but suggests that both components can act in
parallel pathways which, if both are blocked, lead to se-
vere problems in the biogenesis of mitochondria. The
Aoxal Ambal double mutant is associated with an almost
complete inactivation of both the respiratory chain and
the FyF;-ATPase, which is known to lead to a reduced
growth even on glucose probably due to a dissipation of
cellular ATP levels by the uncoupled F;-ATPase (Lai-
Zhang et al., 1999).

What is the molecular function of Mbal? Translocation
pathways use typically three different types of compo-
nents: (a) receptors that make contact to the substrates,
(b) pore forming proteins that mediate the translocation,
and (c) chaperones that assist translocation intermediates
or completely translocated proteins until they attain their
folded and assembled state. It is not trivial to analyze the
precise function of these components, and even in the case
of Oxal, which has now been studied for several years, the
exact molecular role is not clear. The localization of Mbal
at the matrix side of the inner membrane and the follow-
ing observations seem best compatible with a receptor
function of Mbal: (a) Mbal interacts with nascent chains
during their synthesis on mitochondrial ribosomes; (b) this
interaction is transient and restricted to an early stage in
the biogenesis of substrate proteins; (c) a conditional
Oxal® mutant protein loses function completely in a
Ambal background, indicating that Mbal cooperates with
the Oxal translocase; and (d) overexpression of Mbal can
partially suppress the defects of Aoxal mitochondria, and
thus Mbal can improve protein insertion on an Oxal-inde-
pendent pathway. Hence, Mbal might serve as a substrate
receptor that delivers proteins both to Oxal and to a
translocase in parallel. In the absence of Mbal, low local
substrate concentrations at the inner membrane might
abolish the function of the partially defective Oxal® pro-
tein. On the other hand, increased Mbal concentrations
might improve the recruitment of substrates to a so far un-
characterized translocase, resulting in the observed sup-
pression of defects of Aoxal mitochondria.

Interestingly, the transcription of MBAI is closely co-
regulated with that of genes encoding subunits of the mito-
chondrial ribosome. In a comparison with 300 expression
profiles, 7 out of the 9 best correlating transcripts to
MBAI were for mitochondrial ribosomal proteins: MRPS9,
MRPL24, MRPL6, YDR115w (L34), MRP21, MRPS28,
and MRPL9 showed correlation coefficients higher than
0.7 (Hughes et al., 2000). This coregulation of ribosomes
and Mbal may ensure an adequate insertion capacity for
the level of proteins produced in mitochondria.

Together with Oxal, Mbal was first isolated as a protein
that upon overexpression suppressed mutations of the in-
ner membrane protease YtalO (Afg3). What might be the
reason for this interaction? It was shown recently that the
degradation of membrane proteins by inner membrane
proteases requires the active extraction of transmembrane
segments (Leonhard et al., 2000). How this extraction or
“deinsertion” is achieved is unclear, but it is conceivable
that insertion machineries play a crucial role in this pro-
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cess. Increased levels of these machineries in the suppres-
sor strains might improve degradation in the ytal0 mu-
tants, perhaps by allowing degradation by the YtalO
homologue Ymel which faces the intermembrane space.

How many insertion pathways into the inner membrane
do exist? In an elegant genetic screen, He and Fox (1999)
isolated Pntl as a component required for efficient inser-
tion of the Cox2 COOH terminus. Loss of Pntl caused
only minor growth defects and it was proposed that it
might overlap in function with Oxal (He and Fox, 1999).
Another candidate for a component involved in protein
insertion is the Oxal homologue Cox18. It will be a major
challenge for the future to further characterize the mode
of function and interaction of these various components
on a molecular level.

We are very grateful to Benedikt Westermann, Michael Kiser, and Thomas
Langer for discussion and comments on the manuscript. We thank Elke
Pratje, Hamburg, for the impI mutant, Silvia Hiesel for excellent technical
assistance, and the students Gregor Szyrach, Oliver Rinner, and Silke Wissing
for their help in some experiments.

We thank the Deutsche Forschungsgemeinschaft (He2803/2-1) for fi-
nancial support (J.M. Herrmann).

Submitted: 23 March 2001
Accepted: 17 April 2001

References

Ackerman, S.H., and A. Tzagoloff. 1990. ATP10, a yeast nuclear gene required
for the assembly of the mitochondrial F;-F, complex. J. Biol. Chem. 265:
9952-9959.

Bauer, M., M. Behrens, K. Esser, G. Michaelis, and E. Pratje. 1994. PET1402, a
nuclear gene required for proteolytic processing of cytochrome oxidase sub-
unit 2 in yeast. Mol. Gen. Genet. 245:272-278.

Bonnefoy, N., F. Chalvet, P. Hamel, P.P. Slominski, and G. Dujardin. 1994.
OXAIl, a Saccharomyces cerevisiae nuclear gene whose sequence is con-
served from prokaryotes to eukaryotes controls cytochrome oxidase biogen-
esis. J. Mol. Biol. 239:201-212.

Borst, P., and L.A. Grivell. 1978. The mitochondrial genome of yeast. Cell. 15:
705-723.

Hamel, P., C. Lemaire, N. Bonnefoy, P. Brivet-Chevillotte, and G. Dujardin.
1998. Mutations in the membrane anchor of yeast cytochrome ¢, compensate
for the absence of Oxalp and generate carbonate-extractable forms of cyto-
chrome c;. Genetics. 150:601-611.

Hartl, F.U., B. Schmidt, E. Wachter, H. Weiss, and W. Neupert. 1986. Trans-
port into mitochondria and intramitochondrial sorting of the Fe/S protein of
ubiquinol-cytochrome c reductase. Cell. 47:939-951.

He, S., and T.D. Fox. 1997. Membrane translocation of mitochondrially coded
Cox2p: distinct requirements for export of N and C termini and dependence
on the conserved protein Oxalp. Mol. Biol. Cell. 8:1449-1460.

He, S., and T.D. Fox. 1999. Mutations affecting a yeast mitochondrial inner
membrane protein, Pntlp, block export of a mitochondrially synthesized fu-
sion protein from the matrix. Mol. Cell. Biol. 19:6598-6607.

Hell, K., J. Herrmann, E. Pratje, W. Neupert, and R.A. Stuart. 1997. Oxalp me-
diates the export of the N- and C-termini of pCOXII from the mitochondrial
matrix to the intermembrane space. FEBS Lett. 418:367-370.

Hell, K., JM. Herrmann, E. Pratje, W. Neupert, and R.A. Stuart. 1998. Oxalp,
an essential component of the N-tail protein export machinery in mitochon-
dria. Proc. Natl. Acad. Sci. USA. 95:2250-2255.

Hell, K., A. Tzagoloff, W. Neupert, and R.A. Stuart. 2000. Identification of
Cox20p, a novel protein involved in the maturation and assembly of cyto-
chrome oxidase subunit 2. J. Biol. Chem. 275:4571-4578.

Hell, K., W. Neupert, and R.A. Stuart. 2001. Oxalp acts as a general membrane
insertion machinery for proteins encoded by mitochondrial DNA. EMBO J.
20:1281-1288.

Herrmann, J.M., and W. Neupert. 2000. Protein transport into mitochondria.
Curr. Opin. Microbiol. 3:210-214.

Herrmann, J.M., H. Folsch, W. Neupert, and R.A. Stuart. 1994a. Isolation of
yeast mitochondria and study of mitochondrial protein translation. In Cell
Biology: A Laboratory Handbook. Vol. 1. J.E. Celis, editor. Academic
Press, San Diego. 538-544.

Herrmann, J M., R.A. Stuart, E.A. Craig, and W. Neupert. 1994b. Mitochon-
drial heat shock protein 70, a molecular chaperone for proteins encoded by
mitochondrial DNA. J. Cell Biol. 127:893-902.

Herrmann, J.M., H. Koll, R.A. Cook, W. Neupert, and R.A. Stuart. 1995. To-
pogenesis of cytochrome oxidase subunit II. Mechanisms of protein export

1094



from the mitochondrial matrix. J. Biol. Chem. 270:27079-27086.

Herrmann, J.M., W. Neupert, and R.A. Stuart. 1997. Insertion into the mito-
chondrial inner membrane of a polytopic protein, the nuclear encoded
Oxalp. EMBO J. 16:2217-2226.

Hughes, T.R., M.J. Marton, A.R. Jones, C.J. Roberts, R. Stoughton, C.D. Ar-
mour, H.A. Bennett, E. Coffey, H. Dai, Y.D. He, et al. 2000. Functional dis-
covery via a compendium of expression profiles. Cell. 102:109-126.

Koehler, C.M., E. Jarosch, K. Tokatlidis, K. Schmid, R.J. Schweyen, and G.
Schatz. 1998. Import of mitochondrial carrier proteins mediated by essential
proteins of the intermembrane space. Science. 279:369-373.

Lai-Zhang, J., Y. Xiao, and D.M. Mueller. 1999. Epistatic interactions of dele-
tion mutants in the genes encoding the F,-ATPase in yeast Saccharomyces
cerevisiae. EMBO J. 18:58-64.

Lemaire, C., P. Hamel, J. Velours, and G. Dujardin. 2000. Absence of the mito-
chondrial AAA protease Ymelp restores Fy-ATPase subunit accumulation
in an oxal deletion mutant of Saccharomyces cerevisiae. J. Biol. Chem. 275:
23471-23475.

Leonhard, K., B. Guiard, G. Pellecchia, A. Tzagoloff, W. Neupert, and T.
Langer. 2000. Membrane protein degadation by AAA proteases in mito-
chondria: extraction of substrates from either membrane surface. Mol. Cell.
5:629-638.

Meyer, W., M. Bauer, and E. Pratje. 1997. A mutation in cytochrome oxidase
subunit 2 restores respiration of the mutant pet ts1402. Curr. Genet. 31:401—
407.

Moore, M., M.S. Harrison, E.C. Peterson, and R. Henry. 2000. Chloroplast
Oxalp homolog albino3 is required for post-translational integration of the
light harvesting chlorophyll-binding protein into thylakoid membranes. J.
Biol. Chem. 275:1529-1532.

Neupert, W. 1997. Protein import into mitochondria. Annu. Rev. Biochem. 66:
863-917.

Pajic, A., R. Tauer, H. Feldmann, W. Neupert, and T. Langer. 1994. YtalOp is
required for the ATP-dependent degradation of polypeptides in the inner
membrane of mitochondria. FEBS Lett. 353:201-206.

Pfanner, N., E.A. Craig, and A. Honlinger. 1997. Mitochondrial preprotein
translocase. Annu. Rev. Cell Dev. Biol. 13:25-51.

Rapaport, D., M. Brunner, W. Neupert, and B. Westermann. 1998. Fzolp is a
mitochondrial outer membrane protein essential for the biogenesis of func-
tional mitochondria in Saccharomyces cerevisiae. J. Biol. Chem. 273:20150-

Preuss et al. Protein Insertion from the Mitochondrial Matrix

20155.

Rep, M., and L.A. Grivell. 1996. MBAI encodes a mitochondrial membrane-
associated protein required for biogenesis of the respiratory chain. FEBS
Lett. 388:185-188.

Rep, M., J. Nooy, E. Guélin, and L.A. Grivell. 1996. Three genes for mitochon-
drial proteins suppress null-mutations in both AFG3 and RCAI when over-
expressed. Curr. Genet. 30:206-211.

Rojo, E.E., R.A. Stuart, and W. Neupert. 1995. Conservative sorting of Fy-
ATPase subunit 9: export from matrix requires delta pH across inner mem-
brane and matrix ATP. EMBO J. 14:3445-3451.

Rojo, E.E., B. Guiard, W. Neupert, and R.A. Stuart. 1998. Sorting of D-lactate
dehydrogenase to the inner membrane of mitochondria: analysis of topo-
genic signal and energetic requirements. J. Biol. Chem. 273:8040-8047.

Samuelson, J.C., M. Chen, F. Jiang, I. Moller, M. Wiedmann, A. Kuhn, G.J.
Phillips, and R.E. Dalbey. 2000. YidC mediates membrane protein insertion
in bacteria. Nature. 406:637-641.

Sanchirico, M.E., T.D. Fox, and T.L. Mason. 1998. Accumulation of mitochon-
drially synthesized Saccharomyces cerevisiae Cox2p and Cox3p depends on
targeting information in untranslated portions of their mRNAs. EMBO J.
17:5796-5804.

Schatz, G. 1968. Impaired binding of mitochondrial adenosine triphosphatase
in the cytoplasmic “petite” mutant of Saccharomyces cerevisiae. J. Biol.
Chem. 243:2192-2199.

Schatz, G. 1996. The protein import system of mitochondria. J. Biol. Chem. 271:
31763-31766.

Sherman, F., G.R. Fink, and J. Hicks. 1986. Methods in Yeast Genetics: A Lab-
oratory Course. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY. 198 pp.

Sikorski, R.S., and P. Hieter. 1989. A system of shuttle vectors and host strains
designed for efficient manipulation of DNA in Saccharomyces cerevisiae.
Genetics. 122:19-27.

Sirrenberg, C., M.F. Bauer, B. Guiard, W. Neupert, and M. Brunner. 1996. Im-
port of carrier proteins into the mitochondrial inner membrane mediated by
Tim22. Nature. 384:582-585.

Van Loon, A.P., and G. Schatz. 1987. Transport of proteins to the inner mem-
brane: the “sorting” domain of the cytochrome c; presequence is a stop-
transfer sequence for the mitochondrial inner membrane. EMBO J. 6:2441—
2448.

1095



